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SUMMARY PR
s
1. The anomolous electrical currents produced by the urea-urease system
have been traced to increases in pH resulting from rapid urea hydrolysis
and to the effect of the pH on oxidizable impurities in the urease prep-
arations. The observations indicate that there is little possibility of
any current arising from intermediate activated substrate or substrate-

enzyme complexes.

2. Further study of the D-amino acid oxidase cell has made it clear
that observed currents are derived from the electrochemical oxidation of
aromatic pyruvate derivatives. Indole-3-pyruvate and p-hydroxyphenyl
pyruvate are readily oxidized in the enol form due to their abilities to
form quinones upon oxidation. The rate of the-électrochemical oxidation
is limited by the low concentration of the enol tautomer at the optimal
pH for enzyme activity and by the slow rate of equilibration between

the tautomers. These factors have interfered with efforts at &oulometric

determinations of electrochemical yields.

3. Further efforts toward detection of any direct electrochemical
reaction of a reduced enzyme have been directed to the preparation of
large quantities of crystalline D-amino acid oxidase and of a sulfite-
nitrite reductase. Preparation of these enzymes in quantity will permit
their use in the electrochemical cell at concentrations suitable for

observation of direct participation in the electrode reaction.
4. Further studies of electrochemical activity of suspensions of intact

micro-organisms and mitochondria confirmed the lack of activity in the

absence of an intermediate electron carrier such as ferricyanide.

-1-
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5. A new electrochemical cell has been fabricated which should give

rise to much greater flexibility in enzyme tests.

6. An approach has been developed for the use of a variable synthetic
molecule in studying the effect of size and shape of a macromolecular
matrix upon the electrochemical characteristics of a specific redox
prosthetic group. It is expected that information obtainable from such
a study will be of considerable value in determining the feasibility of

efficient enzyme-electrode interactions.

7. Theoretical considerations of the currents to be expected from
efficient, direct enzyme-electrode reactions have been presented. Treat-
ment of simple limiting case for an enzyme attached to an electrode in
the form of a monomolecular layer, neglecting diffusional factors, indi-
cates that maximal current densities on the order of 5.0 ;.lamp/cm2 for

an oxidative enzyme of normal size and turnover number.are obtainable.




SECTION 1

INTRODUCTION

The objectives of this program as outlined in previous quarterly
reports have been to carry out a study of the basic processes involved in
the generation of electrical energy by biological systems. The approach
which was adopted was, first, to determine the classes of biological
systems capable of electrochemical activity. These were then to be subjected
to detailed study in order to define the specific reactions involved in the
electrochemical process..

An associated objective was to study the more pragmatic aspecté
of the generation of electrical energy by living bacterial systems. Par-
ticularly, it was desired to examine factors such as theoretical efficiency
of bioelectrodes, the performance of electrodes with attached vs unattached
organism cultures, and the viability and growth of bacterial cultures in the
presence of electrodes.

In accordance with these objectives the first two report periods,
and part of the present period have been directed to study of the electro-
chemical activity of a number of enzyme systems including D-amino acid
oxidase, urease and glucose oxidase, etc. Also included were studies on
several bacterial systems, both attached to the electrode and suspended in

solution, including B. subtilis, Proteus vulgaris, and suspensions of cell

mitochondria. As a consequence of this work, the mechanisms of electrical

energy production by amino acid oxidase and by urease have been traced




in considerable detail. Final results on these systems are presented
in the present report. In these, and all other cases studied to date,
the mechanism appears to involve formation of low molecular weight
electroactive substances as intermediate or final products of the
reaction between the biological agent and it substrate. It is these
substances which provide the electrode reaction.

Recent thinking as to possible applications of bio-electrochemical
phenomena, including the generation of practical quantities of electrical
power, is, to an increasing degree, encountering the question of direct
participation of biological macromolecules or bacterial cells in
oxidation-reduction processes at electrodes. Accordingly, it has been
decided that this program should place increased emphasis upon determina-
tion of whether or not such direct participation ever occurs.

The latter part of the present report period has been devoted
primarily to this problem. Initial approach has been to define, on the
basis of theoretical considerations, the conditions under which direct
participation of biological molecules might be observable. Subsequent
work will be concerned with attempts to observe such participation under
the theoretically most promising conditions. A. promising . part of the
program will be study of the electrochemical behavior of synthetic
macromolecules which correspond to biological macromolecules in size
and structure, but which have attached groups of known oxidation-reduction

characteristics.




SECTION 2

METHODS

Procedures for measurements in the electrochemical cell have
been described previously. In some of the recent experiments, particu-
larly those involving coulometric yield, the Anatrol Potentiostat,
rather than the manual potentiostat, has been used.

Bacterial growth for Proteus vulgaris and Bacillus subtilis

were the same as previously described. E. coli cultures for preparation
of sulfite-nitrite reductase were prepared by adapting strain B to
growth on C medium (1), a medium containing only inorganic salts with
glucose as carbon source. Sulfate provided the only source of sulfur in
order to induce formation of the enzyme for sulfite reduction. After
growing starter cultures in erlenmeyer flasks, an 8 liter fermenter was
inoculated and bacteria harvested after 18 to 20 hours of growth at 37°.
The cells were collected in a continuous flow head of the Lourdes Beta-
fuge and washed once with distilled water. The cells were dried by
lyophilization after suspending in water and the dry cells stored until
used for enzyme preparation or for electrochemical investigations.
Enzyme preparative methods are indicated under the appropriate section

in Results.




SECTION 3

ELECTROCHEMICAL STUDIES ON BIOLOGICAL SYSTEMS

3.1 UREA-UREASE SYSTEM

a. Experimental

The urea-urease system has presented a rather consistent
dilemma during the earlier investigati-ns on this program. With bright
platinum electrodes, no oxidation of ammonia could be observed under the
normal conditions of pH (6.5 to 9.0). This is evident in the comparison
of the polarization curves for buffer alone (tris buffer = tris
(hydroxymethyl) aminomethane, 0.1 M) at pH 9 and the same buffer contain-
ing 0.25 M ammonium nitrate (Figure 1). There is little significant
difference in the two curves. Nevertheless, the action of urease on
urea resulted in an augmented current in the electrochemical cell.

As demonstrated in the previous quarterly report, the urease
preparations are responsible, in themselves, for a significant current.
It was suspected that the current increase during the urea hydrolysis
might be due to the affect of the reaction upon some of the components
in the enzyme preparation rather than from reaction products. The
experiments below were designed to test this hypothesis.

A polarization curve for a urease~-urea hydrolysis is given in

Figure 2. Here the reaction had been allowed to proceed for half an
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hour which would give the optimal current, and almost complete hydrolysis.
The reaction was carried out in 0.7 M phosphate buffer having an initial
pH of 6.5 but at the time the curve was made the pH of the mixture had
changed to pH 7.4. The curve shown corresponds closely to those given
for pH 9 tris buffer.

The effect of dialysis upon the electrochemical behavior of
commercial urease preparations is shown in Figure 3. The enzyme solution,
6.6 mg/ml, was dialysed against equal volumes of buffer and the dialyzing
media as well as the dialysed enzyme were tested for electrochemical
activity. It is apparent that a large amount of electrochemically
active material, presumably of low molecular weight, was able to pass
through the dialyzing membrane, Despite the loss of a great deal of
oxidizable material, however, the background current from the enzyme
remained high and the addition of urea to the enzyme caused the usual
increase in current, Addition of urea to the dialyzing media had no
effect on current output.

A comparison of extent of hydrolysis with the change in current
is presented in Figure 4. The parallel of current with degree of hydroly-
sis is unmistakable.

Another parallel was found in the comparison of pH change with
current production in Figure 5. Despite having a rather concentrated
phosphate buffer in these experiments, i.e. 0.7 M, a large change in pH
occurs and the current rises in proportion to the change in pH.

With urease alone, a deliberate addition of NaOH to the solution,
sufficient to cause a pH change similar to that found in the normal
reaction system, caused a similar rise in current (Figure 6).

Finally, the effect of a highly concentrated phosphate buffer
was tested. Using a 2.5 M phosphate buffer, pH 6.5., no change in cur-
rent was found during the reaction using the normal proportions of urea

and urease.
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CURRENT (i AMP/CM? AT 0.6 V SCE)
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FIGURE 5. CHANGE IN CURRENT AND pH DURING UREA HYDROLYSIS
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As indicated previously, the purified crystalline urease pre-
pared at Aeronutronic also showed electrochemical activity. Dialysis
experiments indicated that the activity was due almost entirely to a low
molecular weight material. The material responsible was probably

2-mercapto-ethanol, a reducing agent added to the preparations in the
late stages of isolation to ensure complete activation of the enzyme.
Tests of the mercaptoethanol demonstrated a high electrochemical activity
and solutions of the enzyme which were aged in open vials to allow escape
of volatile material soon lost any residual electrochemical activity.
b. Discussion

The evidence above makes it apparent that the basis for
increased current during the action of urease upon urea in the electro-
chemical cell is the increased susceptibility to oxidation of material
in the enzyme preparation with increasing pH. Rates of hydrolysis,
increase in pH and current increase are all parallel. When pH is con-~
trolled with very strong buffers, no change in current occurs during
the hydrolysis of urea by urease. Dialysis experiments have demonstrated
the existence, in commercial urease preparations, of low molecular weight,
electrochemically active material in substantial quantities. Aged,
purified preparations of urease give rise to little or no current with
or without the urea.

The source of the background current in the commerc¢ial urease
is still not known although the background in fresh, crystalline urease
is probably due to the presence of 2~mercaptoethanol which is used as an
activator. A substantial part of the electrochemical activity of the
commercial enzyme is contained in low molecular weight, dialyzable
components but part of the electrochemical material is not removed from
the protein by dialysis. If this current is due to oxidation of protein
molecules, it still remains very dubious that the urease, itself, is
résponsible for the current noted. The active urease, in the commerical”

material, constitutes less than one hundredth of the total material present

-13-




and would not be likely to provide a substantial output. In any event,
use of commercial urease preparations in high concentrations in close
proximity to the anode in a biofuel cell would undoubtedly give rise to

spurious currents over a fairly long period of time.

3.2 THE D-AMINO ACID OXIDASE SYSTEM

In the previous quarterly report, it was shown that electro-
chemical activity by this system is a consequence of the production of
pyruvic acid derivatives from certain (aromatic) amino acids. It was
also shown that these products can exist in two tautomeric forms of
greatly different electrochemical behavior. Some additional studies of
this system have been carried out during this report period, to further
clarify the nature of the tautomeric transformation.

The three aromatic pyruvates, IPA, HPA and phenylpyruvate (PPA)
all have structures which should favor a stable enol form as proposed
for IPA in the previous report., Accordingly, spectrophotometric examina-
tion of HPA and PPA revealed behavior very similar to that of IPA. The
changes in absorption spectra shown in Figures 8, 9 and 10 are consistent
with the interpretation that the pyruvate exists in the enol form in the
crystalline state or in organic solvents and as the keto structure in
aqueous systems, particularly in basic solution.

It is therefore concluded that the same type of tautomeric .
relations exist for the three aromatic pyruvic acids, IPA, HPA and PPA,
However, only IPA and HPA appear to have a form which is highly active
electrochemically. Therefore, it cannot be the mere existence of the enol
structure (or related form) which permits the oxidation of the aromatic
pyruvate. Rather it must be that the enol form labilizes another part of
the molecule so that oxidation becomes possible. The only difference
between PPA and HPA is the existence of the phenolic group in the latter.
Thus, it is easy to visualize a mechanism whereby quinoid structures may

arise readily during oxidation of the HPA but not so readily in the PPA,

-14-
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ABSORPT mu

HPA IN METHANOL, 8.66 uG/ML. NO CHANGE IN SPECTRUM WITH TIME.

HPA IN WATER, 8.66 uG/M.. SEE FIGURE 10 POR CHANGE WITH TIME.

HPA IN, 8.56 4G/ML, IN 0,01 M SULFURIC ACID, LITTLE OR NO CHANGE WITH TIME
THE CURVE FOR HPA IN METHANOLIC SULFURIC ACID WAS ALMDST IDENTICAL.

HPA, 8.56 HG/ML, IN AQUEOUS, 0.0L M NaOH. SLOW CHANGE WITH TIME, SHIFTING
PEAK AND CHANGING INTENSITY. SIMILAR CURVE FOR METHANOLIC NaOH WITH PEAK
AT 327 Mp

HPA, 8.6 UGNG., in pH 8.3, 0.1 M PYROPHOSPHATE BUFFER, 20 MINUTES AFTER

INITIAL SOLUTION OF HPA.

WAVELENGTH (mg1)

FIGURE 9. SPECTRA OF p-HYDROXYPHENYL PURUVIC ACID
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RELATIVE ABSORPTION AT 295 mu
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FIGURE 10.
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lacking the phenol group. IPA would also be capable of forming quinoid
structures readily. It would seem probable, if the participation of
quinones were involved, that the anodic reaction may actually be oxidiz-
ing the ring structure of the pyruvates.

Some additional data showing the effect of various ions and
pH values upon the rate of transformation from enol to keto form is shown
in Figure 10. Rates are affected by pH, ion concentration and, to a
lesser degree, by the specific ion used at a given pH and concentration.

The effect of the tautomeric shift upon electrochemical
activity is shown by a plot of cell current vs time. Such a curve for
indole-3-pyruvic acid (IPA) is shown in Figure 7. Although a high
initial current is obtained upon adding .the solid IPA to the buffer, the
shift to the less active tautomeric form rapidly reduces the output of
the cell. It was possible to demonstrate that the current, at a given
time after dissolving the IPA crystals, was almost identical whether the
solution had been subject to continual electrochemical oxidation:or it
had been standing idle during the same period. The failure to obtain a
straight line curve for log current vs, time indicates that the electrode
reaction is not limited simply by diffusion and concentration of IPA.
Thus, it is apparent that the rate of the tautomeric shift and the low
concentration of the electrochemically active form are limiting the rate
of the electrochemical reaction rather than diffusion. A similar relation
is found with p-hydroxyphenyl pyruvate (HPA). At the optimal pH for the
enzyme reaction, the equilibrium in the tautomeric reaction for both IPA

and HPA is far in favor of the tautomer of low electrochemical activity.

3.3 NITRITE AND SULFITE REDUCTASE SYSTEMS

a. Introduction

The reduction of sulfate to hydrogen sulfide by the organism,

Desulfo-vibrio desulfuricans, or by related bacteria, has already been

applied to biochemical fuel cells with a good degree of success.(3).

-19-




Thus, it is of some interest to obtain more definitive data on the reactions
involved in the reduction sequence and the effect of various intermediate
reactions on the cell output. The possibility of obtaining a more effic-
ient electrochemical reaction by interruption of the biological reduction
at an intermediate stage is of interest. The hydrogen sulfide produced
in the sulfate reduction is reoxidized anodically to sulfur which is not
readily used in further reactions. Anodic oxidation of an intermediate
product might result in regeneration of the original substrate (sulfite)
which would allow a cyclic process to occur, i.e. reduction of sulfite
enzymically with the utilization of organic material and electrochemical
reoxidation with the production of useful energy. Similarly, some organ-
isms reduce nitrate or nitrite to ammonia which may be reoxidized electro-
chemically but the anodic reaction requires such stringent conditions
that they are not conducive to maintenance of the biological system.
Interruption of the reaction at an intermediate state in such a reaction
might allow a cyclic process, as above for sulfite, and a much better
electrochemical yield. A possible intermediate is hydroxylamine which
is oxidized much more readily under physiological conditions than the
final product, ammonia.

Recently, it has become possible to prepare relatively pure
enzymes or enzyme systems for the reduction of sulfite to hydrogen sulfide
or nitrite to ammonia.(4,5). Enzymes for nitrite reduction have been pre-

pared from many sources but that from Escherischia coli also reduces

sulfite in the same manner that it attacks nitrite. It should be empha-
sized that a single enzyme is apparently responsible for reduction of

both sulfite and nitrite as well as the reduction of hydroxylamine to
ammonia. Thus, the enzyme preparation carries out the following reactions:

Noz' + 3NADPH, ——3 NH, + 3NADP

HSOB’ + 3NADPH, ———3= H,S + 3NADP

NH20H + NADPH2 —-—-—)NH3 + NADP

-20-




Although hydroxylamine is also reduced by the enzyme, the
evidence indicates that free hydroxylamine is not formed during the
reaction with nitrite and that the complete six electron exchange occurs
once the sulfite or nitrite becomes attached to the enzyme without
release of intermediate products. The preparations from E. coli also
have a cytochrome reductase activity which appears to be directly
associated with the enzyme responsible for the sulfite and nitrite
reduction. The physiological function of the enzyme in the bacterium
appears to be for production of sulfur at the sulfhydryl level in a
medium lacking in reduced sulfur since it is produced in response to a
medium containing sulfate but lacking in reduced sulfur.

b. Experimental

Isolation of the sulfite-nitrite reductase of E. coli has been
accomplished through a modification of the technique of Lazzarini and
Atkinson.(6) Our procedure differs from that of the original authors
in the use of lyophilized, dry E. coli and an initial grinding in the
dry state rather than disintegration in a Hughes press. Activities and
yields have been quite comparable with those in the original literature.
Unfortunately, yields are low, even at best, when the requirements for
use in the electrochemical cell are considered. Therefore, a large amount
of material must be processed before sufficient high activity enzyme will
be available for extensive and definitive electrochemical studies. The
preparation of the sulfite reductase requires the growth of large quanti-
ties of bacteria and the growth has been carried out in an eight liter
fermenter which gives overnight yields of about 20 g of wet cell paste.
This is then lyophilized to give about 7 g of a stable, dry cell prepara-
tion which may be stored for a long period until required for enzyme
preparation.

For enzyme isolation, 5 g of dry cells were ground in a cold
mortar and suspended in 150 ml 0.04 of potassium phosphate buffer.

Ribonuclease, 6 mg (crystalline, bovine, 43.5 Kunitz units/mg) and

-21-




deoxyribonuc lease (pancreatic, 32000 Dorner units/mg) were added and the
suspension incubated for 30 minutes, titrating occasionally with 1 M Tris
buffer, pH 8.7 to maintain the suspension at pH 7.5. After centrifuging
for ten minutes at 5000 x G to remove cell debris, the supernatant(145 ml)
was treated with 0.5 volumes of saturated ammonium sulfate. The precipi-
tate was removed by centrifugation and the enzyme precipitated by adding
an additional 0.5 volumes saturated ammonium sulphate. After redissolving
the enzyme in 20 ml 0.04 M, pH 7.4 phosphate a second precipitation
between 0.35 and 0.5% ammonium sulfate saturation was carried out. This
precipitate was redissolved in 20 ml buffer and dialyzed overnight against
eight liters of 0.005M, pH 7.4 buffer containing 0.001 M cysteine. The
enzyme solution was then adjusted to pH 6.0 with acetic acid and this
precipitate removed prior to precipitation of the enzyme by adjusting
to pH 5.0. This final precipitate will be used in the electrochemical
studies. The final preparation causes oxidation of 1.7 moles of NADPH
per hour - per mg protein with a total of about 15 mg protein. Early
preparations of the enzyme, from relatively fresh powder, contained a
rather active diaphorase activity which interfered with the desired
activicy by competing for the reduced coenzyme. Subsequent preparations,
using aged dry cells have contained only low diaphorase activities. The
freshly prepared crude enzymes also have associated with them a nitrite
reductase which is specific for nicotinamide adenine dinucleotide (NAD
or DPN) rather than the nicotinamide adenine dinucleotide phosphate
(NADP or TPN) requireéd by the nitrite-sulfite reductase. The former
enzyme appears to be unstable to storage and its activity diminishes to a
very low value during a few weeks storage at freezing temperatures while
the activity of the desired enzyme is maintained.
c. Discussion

In connection with the work on the sulfite-nitrite reductase,

studies on the electrochemical characteristics of substrates and inter-

mediates are being made. The rate of electrochemical oxidation of nitrite

-22-



as a functionof nitrite concentration is given in Figure 11. Character-
istics of sulfite are given in Figure 12. Oxidation rates, in both
instances, are low at reasonable anodic polarization. Hydroxylamine, on
the other hand, shows a very effective anodic reaction. Data obtained
from a coulometric yield determination (Figure 13) makes it apparent

that multiple reactions exist in agreement with the observations of
previous workers.(6,7) The first part of the curve, prior to the break,
indicates that 3.75 electrons have been exchanged per molecule of
hydroxylamine while another 0.35 electrons are obtained from the part
after the break. This may be compared with the data of Lingane and Jones
(6) who found a yield of 2.7 electrons and Davis (7) who obtained variable
results of 2.0 to 4.6 for n. Both of these authors concluded that the
products were complex. In the former instance, the major product appeared
to be nitrous oxide (lost as a gas) and nitrate with a small amount of
nitrite being formed. Davis assumed the major product to be nitrate.

In both cases the potentials being used for theanodic oxidation were
equal to or greater than 1.0 volts so that oxidation of nitrite to
nitrate might be expected. In the present experiments, much lower poten-
tials have been used and it seems reasonable to assume that the first
part of the curve represents mainly the oxidation of hydroxylamine to
nitrite (four electrons) while the slow oxidation evident later is the
oxidation of nitrite to nitrate. Loss of a certain amount of nitrous
oxide during the reaction could account for the failure to obtain the

theoretical four electron exchange during the early part of the reaction.

3.4 FERRIDOXIN SYSTEMS

Ferridoxin is a recently discovered enzyme or coenzyme.(8) It
is a low molecular weight protein (12,000) containing about ten atoms of
iron per molecule. It acts as a biological electron carrier in photo-
synthesis (9,10) and in bacterial reactions involving hydrogenase. (8,11)

It may be isolated from plants (10) or, more conveniently and in larger
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yields, from obligately anaerobic bacteria, particularly the nitrogen
fixing Clostridia(l). It is unique in having the highest electronegativity
of any biological electron carrier so far discovered, with E; about =415
to =430 mv at pH 7. Thus, it could be a promising candidate as a
biological intermediary in a direct enzyme reaction with an electrode.
Several attempts have been made to prepare adequate quantities
of ferridoxin from spinach leaves for testing in electrochemical applica-
tions. In these experiments it was necessary to follow the rather
incomplete description of isolaticngiven by Tagawa and Arnon (10) and
the preparations have not been eminently successful. Ferridoxin has not
been obtained in reasonably pure form nor in sufficient quantities for
testing in the electrochemical cell. Further efforts on ferridoxin have

been postponed pending receipt of a culture of Clostridium pasteurianum,

a much richer source of ferridoxin.
Once obtained, it is proposed that reduced ferridoxin by pre-
pared by a photosynthetic reaction with chloroplasts and tested in the

electrochemical cell for a direct reaction with the electrode.

3.5 EIECTROCHEMICAL ACTIVITY OF INTACT ORGANISMS

a. Introduction

In preparation fcr electrode attachment studies, various
bacteria have been grown and tested for electrochemical activity in free
solution. Additionally rat liver mitochondria were retested to ccnfirm
earlier tests which indicated total lack of current production in absence
of low molecular weight electron carriers.

b. Mitochondria

Rat liver mitochondria were prepared as previously (see first
quarterly report) and tested for electrochemical activity using 0.045 M
succinate as substrate., Either alone, or in presence of cytochrome C
as carrier, no significant current was available. Background current

was initially 10 to 15 amp (0.4 v SCE) and the
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mitochondria alone, as well as with cytochrome C, gave 5 to 13 pamp.
Addition of potassium ferricyanide (0.005M) gave rise to a current of

120 p.amp/cm2 which was limited by ferricyanide. Doubling the ferricyanide
resulted in 180 uamp/cm2 current. These results were comparable with those
obtained previously. It must be concluded that cytochrome C at concen-
trations used, is not a highly efficient carrier. However, it must be
emphasized that the concentration used, 0.4 mg/ml, amounts to approxi-
mately 6x10-7M which compares with 5x10-3M used for ferricyanide.

c. Bacillus subtilis

Cell suspensions of up to 12x109 cells/ml produced an aerobic
current which decreased from an initial 28 pamp to 5 pamp (0.4 v SCE) at
the end of ten minutes. Addition of glucose to the suspension did not
improve output. The decreasing initial current probably indicates that
a minor component of the original suspension, rather than the bacterial
activity, is responsible for the current found.

d. Proteus vulgaris

This bacterium is of interest since it forms coatings readily
on metal surfaces. However, cell suspensions of 8x109 cells/ml gave
steady state currents of only 3 to 5 uamp/cm2 (0.4 v SCE) even with

glucose and/or nitrate or urea as substrates.

3.6 DESIGN AND FABRICATION OF AN ISOLATED ELECTRODE COMPARTMENT MICRO-
ELECTROCHEMICAL CELL

A cell has been designed and built according to the configura-
tion indicated in Figure 14. The objective of using this type of cell is

to be able to have highly concentrated enzyme in the vicinity of the

electrode without need for use of large quantities of enzyme and to provide

a model system for study of systems analogous to enzymes or organisms
attached directly to the electrode. The design also provides a compact
arrangement which should allow normal electrochemical reactions to be
carried out in much smaller volumes than must normally be used (5 to 6

ml total volume) with consequent savings on scarce material.
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The present cell has been fabricated from nylon sheet, using
silicone rubber gaskets. The vibrator motor for the electrode and for
the main compartment stirrer is a modified electric razor (Ronson) with
vibrational amplitude controlled by a variable transformet.

Preliminary tests are being carried out upon the use of the
new cell with normal systems prior to use with a membrane separator for
the electrode compartment. Initially, a high background current has been
obtained in the new cell, even with buffer alone and means are being
sought to reduce this background level to a normal minimum. The source
of current may be material adsorbed on the nylon material used in the

body.
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SECTION 4

USE OF MODEL MOLECULAR SYSTEMS IN THE STUDY OF THE
REACTION OF BIOLOGICAL MACROMOLECULES AT ELECTRODES

The purpose of the micro cell described in Section 3.6 is to
provide optimum conditions under which to examine the existence of a
direct reaction between the electrode and reduced enzyme. This cell
provides a region, in close proximity to the electrode surfaces, wherein
the enzyme concentration may be increased to a level commensurate with
molar concentrations used in normal electrochemical reactions. 1In a
diffusion controlled process involving an enzyme as the diffusing species,
one would expect steady state currents of a much lower magnitude than
for a smaller molecule at a similar molar concentration,due to the
difference in diffusivity. It follows that even where no kinetic compli-
cations exist, currents of detectable magnitude cannot be expected from
a protein-electrode interaction unless the enzyme concentration in the
immediate environs of the electrode is of the order of 10-4 to 10-3 M.
For DAO, 115 mg/ml would provide a concentration of 10-3 M. If contam-
inated with other inactive protein, correspondingly greater quantities
of preparation would be required. Since such quantities of pure enzyme
are exceedingly expensive and difficult to obtain. The isolated
electrode cell has been developed to provide a means for using very small
volumes (0.25 ml) of concentrated enzyme solution or suspension in the

neighborhood of the electrode while providing an adequate source of sub-

strate in the membrane-separated main compartment.
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The question, however, is not only that of adequate concentra-
tion. Steric and orientation effects of the large protein molecule may
play a very large role in the current carrying capabilities of a redox
enzyme. Other avenues must be explored in order to test whether such
factors, rather than diffusion, may be controlling. One possibility is
the use of synthetic models for redox enzymes. Such models would con-
sist of molecules of varying dimensions containing specifically attached
redox groups of known characteristics. Through chemical or electro-
chemical reduction and subsequent oxidation in the electrochemical cell,
it would be possible to determine how increases in molecular size and
type of matrix molecule would affect the behavior of the redox group.

Redox polymers, such as those prepared from dihydroxybemzene
(12) or the polythiol styrenes (13) might be used as enzyme models but
these polymers as presently available suffer from”disadvantages of low
aqueous solubility, lack of uniformity of chain length and an excessive
number of redox groups per macromolecule in comparison with the enzyme
system. A better approach to a model enzyme system might be obtained
from the specific coupling of a redox dye to a peptide or protein to
form a redox group analogous to that of the prosthetic group of the
enzyme. Such coupling may be carried out through use of techniques
similar tc those of Landsteiner (14) for the incorporation of hapten
groups into protein antigens. The diazonium salt of a redox dye (e.g.,
toluylene blue, which contains primary amine groups not required for
the reversible oxidation) may be coupled with the tyrosine or histidine
residues in peptides and proteins of varying dimensions and chain lengths.
Similarly, it may be possible that phenolic redox dyes could be coupled
through the reverse procedure of diazotization of an aromatic amine
group attached to the protein. Coupling of other redox dyes could also

be accomplished through mild esterification procedures.
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It is presently planned to prepare several such derivatives for

electrochemical tests. First efforts will be directed toward the coupling

of toluylene blue (Eo 0.601, Em 0.115) with tyrosine; a tripeptide con-

taining tyrosine (tyrosyl-glycy;-glycine); a naturally occurting small
peptide (e.g. tyrocidin, an antibiotic, decapeptide containing one tyrosine
residue); a small protein (e.g., lima bean trypsin inhibitor or ribo-
nuclease, m.w. 12,000 and 17,000, respectively); and a medium size pfbtein
(hemoglobin, B-lactoglobulin, ovalbumin or serum albumin). The various
derivaties should be tested for chemical reactivity with mild oxidants

and reductants to determine equivalent oxidation numbers. Electrochemical
activity will be determined after a chemical reduction and separation of
the chemical agents from the reduced model. Attempts will be made to
correlate rates of electrochemical oxidation with the size of the matrix
molecule, diffusion rates, shape, steric and orientation factors in the

various models.
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SECTION 5

THEORETICAL CONSIDERATIONS REIATING TO THE DIRECT
OXIDATION-REDUCTION OF BIOLOGICAL MACROMOLECULES AT ELECTRODES

Any electrochemical reaction can be represented in terms of
six general steps, as follows:

1. Diffusion of reactants to the surface

2. Adsorption of reactants onto surface
3. Reaction in adsorbed phase
4

Electron transfer between one or more adsorbed
species and the electrode

5. Desorption of products

6. Diffusion of products away from electrode

Kinetic behavior is determined by the relative rates of these different
steps. Simplest behavior is observed when one is much slower than all
of the rest. In some instances one or more of the six steps may not be
pertinent.

Since the steps of the scheme take place in sequence, if a
maximum rate for any one is known, it defines a maximum rate for the
system. The other steps could lead to lower overall rates, but never to
higher ones. However, at any given electrode, two or more such reaction
schemes may operate simultaneously and in such cases the total rate will
be represented by the sum of the individual rates. 1If one rate is much

faster than the others, it can be said that the maximum rate at the
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electrode is defined by the slowest step in the fastest scheme.

In studying the electrochemical behavior of enzyme systems, it
would be of considerable interest if maximum rates could be assigned and
this can be done by assigning a maximum rate to one or more steps in each
of the possible reaction schemes. If the maximum overall rate, defined
thereby is too low to be of practical significance, further consideration
of the direct participation in electrode reactions by enzyme molecules
could be abandoned. Alternatively such considerations could shed some
light on the conditions (such as concentration) which would have to be
attained in order for the electrochemical reaction of enzyme molecules
to be of significance.

In the present instance, two possible reaction schemes may be
postulated for the purposes of such a treatment. In the first the enzyme
either diffuses to and is permanently adsorbed onto the electrode, or is
intentionally coated onto the electrode in a separate process. The
adsorbed enzyme then reacts with substrate which diffuses in from the
solution, to form reduced enzyme, subsequently being regenerated by
electron transfer to the electrode, while the substrate oxidaticn products
wiffuse away. In scheme two, the enzyme is reduced by reaction with the
substrate in the bulk of solution, the reduced enzyme then diffuses to the
electrode, is adsorbed, reoxidized by electron transfer to the electrode,
desorbed as unreduced enzyme and finally diffuses away. Both schemes
can be represented by the series of steps 1 to 6.

Theoretically these two schemes could proceed independently.
However, if the electrode surface is covered to a large extent by an
adsorbed layer of enzyme, as required by scheme. one, it would tend to
retard scheme two by preventing access to the surface by reduced enzyme
from the solution. On the other hand if no adsorbed enzyme layer is
present, scheme one cannot occur, and only the second is possible. At
intermediate conditions, both would proceed at reduced rates and it is
therefore reasonable to postulate maximum rates as those obtained when

one scheme applies to the exclusion of the other.
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Prediction of maximum rates for some of the pertinent steps of
these two reaction schemes is possible. For the first scheme, step 3
is a promising point of attack, and requires only the assumption that
the enzyme activity is the same in the adsorbed phase as in the bulk of
the solution. For the second scheme, the rate of step 1, i.e. the
diffusion rate of reduced enzyme from the solution to the electrode
surface is amenable to approximation.

Calculation of the maximum rate for step 3 of the first scheme
is as follows.

Assume an enzyme molecule of dimensions corresponding to a
molecular weight of 100,000 to 115,000, of cylindrical configuration.
The diameter, d, for a molecule of this nature would be in the range of
60 to 80 & depending upon the length of the cylinder. Taking the lower
diameter and assuming a close packing of the adsorbed enzyme on the \
electrode surface with one end of the cylinder adsorbed to the electrode
and the prosthetic group at ‘the exposed face, the number of molecules
adsorbed on unit area of the electrode is simply 1/d2 and moles of

enzyme 1is

1

N =
d2(6.02x1023)

Further, assume that the overall rate of the complete reaction (enzyme
reduction by substrate and oxidation by the electrode) issimilar to that
occurring at maximal conditions in free solution. The magnitude of the
electric current then becomes:

I = nNTF

where I = current in coulomb sec-l; N number of moles of enzyme per

unit surface; F = 96,500 coulombs; T = turnover number of the enzyme

in moles per mole per second, and n = number of electrons per mole.
For D-amino acid oxidase, T = 10 at 25° when saturated with

oxygen and substrate. Therefore, for an enzyme similar to DAO
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10x96,500 2
I= 5 5 73 = 5.8 pamp/cm
(60 x 10 ) x 6.02 x 10

Higher temperatures, higher turnover numbers or smaller enzyme
molecules would increase these outputs. In particular, there is a possi-
bility that higher turnover numbers should be used for adsorbed enzyme
than for enzyme in solution due to effects of orientation of the enzyme
at the surface. Also, the tacit assumption used in the calculation
that electron transfer is possible only from a single layer of enzyme
on the surface may not be valid since mechanisms may exist by which
electron transfer through multilayers of biological material is possible.
However, these points are presently undetermined. It is thus possible
merely to conclude that if the first reaction scheme described above
correctly represents the reaction of enzymes at an electrode, and if
the assumptions used in the estimate are valid then obtainable currents
are not likely to exceed the order of 5 uamp/cmz.

A maximum rate has not been calculated for the case of reaction
scheme 2, since the needed information on diffusivity of enzyme molecules
has not become available. This problem will be treated in future work.
It is possible that higher currents can be obtained on the basis of the
second scheme. However, one tentative conclusion derivable from the
foregoing considerations is that in experimentally looking for such
currents it will be necessary to examine enzyme systems which do not

become permanently adsorbed on the electrode surface.
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SECTION ¢

OUTLINE OF WORK FOR REMAINING QUARTER

1. Assembly of the micro-cell and elimination of operational problems

will be completed. Performance will be tested by means of observations on
reference materials. A few comparison studies will be carried out on
biological systems and under condition for which data have been obtained
in previous work using the old cells. The data will be compared and

used to evaluate the performance of the micro-cell.

2, D-amino acid oxidase will be tested in the micro-cell at enzyme

4 to 10-3 M for ability to produce a

concentrations in the range of 10
current by direct reaction between the reduced enzyme and the electrode.
If activity is obtained, chronopotentiometric techniques will be applied

to a study of the nature of the reaction process.

3. The sulfite-nitrite reductase system will be subjected to further
study for possible electrochemical activity in excess of that which
might be expected through simple production of hydrogen sulfide or
ammonia., Maintenance of a continuous reaction in this system requires
some means for re-reduction of the co-enzyme after its oxidation by the
NOQ or SO,. It is proposed to provide such means in the form of a

3
second enzyme-substrate system (specifically glucose-6-phosphate
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dehydrogenase and glucose-6-phosphate). It will be necessary to examine

the possibility of spurious results due to the presence of this second

system.

4, Studies will be continued on model macromolecules for simulating
the electrochemical behavior of enzyme systems. Emphasis will be on:
(a) the feasibility of diazo coupling between toluylene blue and
tyrosine or tyrocidin,
(b) the effect of the coupling on redox characteristics of the

coupled dye.

5. Studies will be continued on the maximum rate for direct oxidation
of enzyme molecules at an electrode. Emphasis will be on such rates -
based on the diffusivity of enzyme molecule through a solution (steps

1 and 6, Section 4).
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